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Objective: The Osteoarthritis Initiative (OAI) is targeted at identifying sensitive biomarkers and risk
factors of symptomatic knee osteoarthritis (OA) onset and progression. Quantitative cartilage imaging in
the OAI relies on validated fast low angle shot (FLASH) sequences that suffer from relatively long
acquisition times, and on a near-isotropic double echo steady-state (DESS) sequence. We therefore
directly compared the sensitivity to cartilage thickness changes and the correlation of these protocols
longitudinally.
Methods: Baseline (BL) and 12 month follow-up data of 80 knees were acquired using 1.5 mm coronal
FLASH and 0.7 mm sagittal DESS (sagDESS) sequences. In these and in 1.5 mm coronal multi-planar
reconstructions (MPR) of the DESS the medial femorotibial cartilage was segmented with blinding to
acquisition order. In the weight-bearing femoral condyle, a 60% (distance between the trochlear notch
and the posterior femur) and a 75% region of interest (ROI) were studied.
Results: The standardized response mean (SRM¼mean change/standard deviation of change) in central
medial femorotibial (cMFTC) cartilage thickness was 0.34 for coronal FLASH, 0.37 for coronal MPR
DESS, 0.36 for sagDESS with the 60% ROI, and 0.38 for the 75% ROI. Using every second 0.7 mm
sagittal slice (DESS) yielded similar SRMs in cMFTC for the 60% and 75% ROI from odd (0.35/0.36) and
even slice numbers (0.36/0.39), respectively. BL cartilage thickness displayed high correlations
(r 0.94) between the three protocols; the correlations of longitudinal changes were 0.79 (Pearson)
and 0.45 (Spearman).
Conclusions: Cartilage morphometry with FLASH and DESS displays similar longitudinal sensitivity to
change. Analysis of every second slice of the 0.7 mm DESS provides adequate sensitivity to change.
 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Wolfgang Wirth, Institute of
rgasse 21, A5020 Salzburg,
002-1249.
irth).
Research Society International. PuIntroduction
The Osteoarthritis Initiative (OAI) is targeted at identifying
sensitive biomarkers of symptomatic knee osteoarthritis (OA) and
risk factors associated with the onset and progression of OA.
Quantitative cartilage magnetic resonance imaging (qMRI) is
a technology that is hoped to improve the ability to evaluate the
response to treatment with disease modifying OA drugs with
shorter observation periods than currently possible withblished by Elsevier Ltd. All rights reserved.
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low angle shot (FLASH) sequences and on a near-isotropic double
echo in steady-state (DESS) sequence2.
It has been shown that FLASH with fat suppression or water
excitation provides accurate and reproducible measures of cartilage
volume and thickness at 1.53–6 and 3 Tesla7–9. FLASH or similar
spoiled gradient recalled (SPGR) sequences have the advantage that
they are available from most MR vendors and scanners, but suffer
from relatively long imaging times (w9 min in the OAI) required for
the acquisition of high resolution coronal imaging data with
adequate contrast-to-noise ratios10,11. In contrast to the FLASH, the
DESS sequence with water excitation at 3 Tesla12 offers a higher
ﬂuid-to-cartilage contrast13 and allows for the acquisition of near-
isotropic sagittal images with relatively low partial volume effects
at comparable imaging times (w11 min in the OAI). However, the
longitudinal performance of the DESS has not been validated to
date, by comparing rates of change and sensitivity to change with
a previously validated standard protocol (FLASH).
The accuracy and precision of coronal FLASH and sagDESS
protocols were found comparable for the analysis of femorotibial
cartilages in the OAI pilot studies8,14,15. Two recent publications on
participants from the OAI progression subcohort reported similar
magnitudes and spatial patterns of femorotibial cartilage loss over
1 year for coronal FLASH16 and sagDESS (use of every second
slice)17, but were not performed in identical knees and also utilized
different analysis methods.
The purpose of the current study was to directly compare the
longitudinal performance of FLASH and DESS in the same knees of
OAI participants. The sensitivity to cartilage thickness changes over
1 year and the correlation of these changes between the different
protocols was determined, to address whether longitudinal anal-
yses in different subsets of the OAI participants (obtained with
different OAI protocols) can be analyzed together (i.e., can be
pooled), to gain power through larger statistical analyses, e.g., for
the identiﬁcation of OA risk factors. Because the greater number of
slices acquired by the DESS increases the time and cost of image
segmentation, we also evaluated whether the analysis of every
second slice or the analysis of 1.5 mm coronal multi-planar
reconstructions [MPR] of the 0.7 mm sagDESS was associated with
a deterioration of the longitudinal sensitivity to cartilage thickness
changes or not. Additionally, we compared results for weight-
bearing femoral regions of interest (ROI) covering 60% and 75% of
the distance between the trochlear notch and the posterior ends of
the femoral condyles.
Methods
Subjects & MR image acquisition
The study was performed on the right knees from 80 partici-
pants from the ﬁrst half (2678 cases) of the OAI cohort [http://
www.oai.ucsf.edu/datarelease/: OAI public use data sets 0.1.1
(baseline (BL) clinical), 0.C.1 (BL images) and 1.C.1 (12 month
follow-up images)] selected for another study, which reported rates
of progression in knees of participants with medial joint space
narrowing (mJSN) in one, but no (or less) mJSN in the contra-lateral
knee18. Participants were chosen, if they had a body mass index
(BMI)> 25 kg/m2, a mJSN OARSI grade 1–319,20 in one knee, no or
less mJSN in the contra-lateral knee, and no (or less than medial)
lateral JSN in both knees18. In addition, the participants displayed
chronic pain in both knees (most days of a month within the last 12
months, 78 cases), or had occasional pain in one knee (pain in past
12 months but not most days of a month) in combination with
a deﬁnite osteophyte (two cases). The sample comprised 48women
with an age of 60.3 8.3 years (mean standard deviation (SD))and a BMI of 31.9 4.3 kg/m2, and 32menwith an age of 61.710.3
years and a BMI of 30.13.3 kg/m218. The right knees displayed no
mJSN in 44 cases, grade 1 mJSN in 23, grade 2 in 11, and grade 3
mJSN in two cases.
BL and 12month follow-upMR images had been acquired by the
OAI using 3 Tesla MR systems (Siemens Magnetom Trio, Erlangen,
Germany) and quadrature transmit–receive knee coils (USA
Instruments,Aurora,OH). sagDESS imageswithwaterexcitation and
0.7 mm slice thickness were acquired in both knees2,8,17, whereas
double oblique 1.5 mm coronal 3D FLASH images (corFLASH) with
water excitation were acquired only in the right knees2,8,16. In
addition, 1.5 mm coronal multi-planar reconstructions were
obtained from the sagDESS images (corMPR DESS)8,14.
MR image analysis
All analyses were funded by a consortium initiative of seven
pharmaceutical industry partners (see Acknowledgment), the OAI
coordinating center at the University of California San Francisco,
and an image analysis company (Chondrometrics GmbH). The
analysis of the sagDESS was performed as part of a previously
published study18, and the analysis of the corMPR DESS was
co-funded by the OAI coordinating center.
Images were shipped from the OAI coordinating center to the
image analysis center (Chondrometrics GmbH, Ainring, Germany),
where quality control was performed (M.H.). The medial femoral
cartilage was excluded in one case, because the slice orientation of
the corFLASH was not appropriately aligned with the posterior end
of the femoral condyles. The analysis thus comprised 80 tibial and
79 femoral cartilages.
BL and 12 month follow-up images of each imaging protocol
were analyzed as pairs by one of seven readers, each with more
than 3 years experience in cartilage segmentation of both DESS and
FLASH8,14,16,18. The readers were blinded to the order of the image
acquisition and to the clinical and radiographic data. The BL and
follow-up images for each of the three protocols were always
analyzed by the same reader, but the sagDESS, corFLASH, and
corMPR DESS BL and follow-up pairs were not read on the same day
or necessarily by the same reader.
Manual segmentationof the cartilage surface (AC) andof the total
subchondral bone area (tAB)was performed in themedial tibia (MT)
and the entire medial femoral condyle (MF) for the sagDESS18, and
segmentation of MT and the weight-bearing central part of the
medial femoral condyle (cMF) was performed for corFLASH and
corMPRDESS8,16. The number of slices segmented per cartilageplate
was on average 30 forMTand 14 for cMFwith corFLASH and corMPR
DESS, and was on average 41 for MT and 43 for cMF with sagDESS.
The time required for segmentation varied between data sets
(depending on disease state and individual image characteristics)
and readers, but was generally similar for corFLASH and corMPR
DESS (1.5 mm) and twice as long for sagDESSwhen all 0.7 mm slices
were segmented. All segmentations were quality controlled by one
expert reader (SM)whowas also blinded to the order of acquisition,
and were revised by the original readers, when necessary.
To match the femoral ROI of the sagDESS with the corFLASH/
corMPR DESS, the mean cartilage thickness over the subchondral
bone (ThCtAB) was determined in a femoral ROI extending 60%
from a plane through the intercondylar notch to a plane tangential
to the posterior ends of both the medial and lateral femoral
condyles8,16.
Since segmentations of the entire femoral condyle were avail-
able for the sagDESS, the 60% ROI was compared with a 75% ROI
used in the previous study18, to explore whether the sensitivity to
changewas different for femoral ROI extending further posterior on
the condyle. To evaluate whether the analysis of only every second
Table I
Direct comparison of the OAI imaging protocols in the MFTC (n¼ 79 cases): mean
cartilage thickness (ThCtAB in mm) at BL for corFLASH, corMPR DESS and sagittal
sagDESS. Results are given for 60% and 75% ROI of the femoral condyle, and for all,
even or odd slice numbers of the sagDESS, respectively. TheMC between BL and year
1 is given in mm and %, respectively, and the SRM and P value for a paired t-test
between BL and year 1 follow up are reported
Mean BL MC [mm] MC [%] SRM P value
MFTC
corFLASH 3.38 63 1.9 0.28 0.016
corMPR DESS 3.37 86 2.5 0.32 0.005
sagDESS (60%) 3.37 97 2.9 0.35 0.003
sagDESS (60%; odd) 3.43 102 3.0 0.34 0.003
sagDESS (60%; even) 3.45 102 2.9 0.34 0.003
sagDESS (75%) 3.38 96 2.9 0.36 0.002
sagDESS (75%; odd) 3.45 99 2.9 0.35 0.003
sagDESS (75%; even) 3.47 102 2.9 0.36 0.002
Central MFTC
corFLASH 4.31 115 2.7 0.34 0.004
corMPR DESS 4.29 147 3.4 0.37 0.001
sagDESS (60%) 4.07 161 4.0 0.36 0.002
sagDESS (60%; odd) 4.15 159 3.8 0.35 0.003
sagDESS (60%; even) 4.13 173 4.2 0.36 0.002
sagDESS (75%) 4.06 161 4.0 0.38 0.001
sagDESS (75%; odd) 4.13 157 3.8 0.36 0.002
sagDESS (75%; even) 4.12 173 4.2 0.39 0.001
Table II
Direct comparison of the OAI imaging protocols in the MT (n¼ 80 cases): mean
cartilage thickness (ThCtAB in mm) at BL for corFLASH, corMPR DESS and sagDESS.
Results are given for all, even or odd slice numbers of the sagDESS, respectively. The
MC between BL and year 1 is given in mm and %, respectively, and the SRM and P
value for a paired t-test between BL and year 1 follow up are reported
Mean BL MC [mm] MC [%] SRM P value
MT
corFLASH 1.66 15 0.9 0.19 0.102
corMPR DESS 1.63 26 1.6 0.34 0.004
sagDESS 1.62 32 2.0 0.38 0.001
sagDESS (odd) 1.66 32 1.9 0.36 0.002
sagDESS (even) 1.67 34 2.1 0.38 0.001
Central MT
corFLASH 2.30 32 1.4 0.22 0.051
corMPR DESS 2.26 45 2.0 0.30 0.010
sagDESS 2.17 56 2.6 0.34 0.003
sagDESS (odd) 2.22 56 2.5 0.34 0.003
sagDESS (even) 2.20 59 2.7 0.32 0.005
External MT
corFLASH 1.33 55 4.1 0.33 0.004
corMPR DESS 1.27 44 3.4 0.28 0.014
sagDESS 1.34 62 4.7 0.39 0.001
sagDESS (odd) 1.38 69 5.0 0.39 0.001
sagDESS (even) 1.36 61 4.5 0.36 0.002
Internal MT
corFLASH 1.88 16 0.9 0.22 0.052
corMPR DESS 1.86 14 0.8 0.18 0.107
sagDESS 1.90 6.8 0.4 0.05 0.626
sagDESS (odd) 1.93 5.1 0.3 0.04 0.719
sagDESS (even) 2.04 8.0 0.4 0.05 0.629
Anterior MT
corFLASH 1.52 8.0 0.5 0.08 0.466
corMPR DESS 1.51 19 1.2 0.20 0.084
sagDESS 1.43 14 1.0 0.14 0.224
sagDESS (odd) 1.45 9.1 0.6 0.08 0.454
sagDESS (even) 1.47 19 1.3 0.16 0.146
Posterior MT
corFLASH 1.37 2.3 0.2 0.03 0.781
corMPR DESS 1.36 14 1.1 0.20 0.077
sagDESS 1.38 25 1.8 0.34 0.003
sagDESS (odd) 1.41 24 1.7 0.30 0.008
sagDESS (even) 1.41 26 1.8 0.35 0.003
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characterizing longitudinal cartilage loss, computations (of ThCtAB)
from the sagDESS were repeated by including only ‘‘odd’’ or ‘‘even’’
segmented slice numbers in the analysis, respectively.
Since recent studies on OA progression in the femorotibial joint
have focused on anatomical subregions21–24, and because sagittal
and coronal imaging protocols have larger partial volume effects in
different areas of the femorotibial cartilages, we also determined
longitudinal changes of ThCtAB in central, external, internal, ante-
rior and posterior subregions of MT, and in central, external,
internal subregions of cMF23,24. The central subregion occupied 20%
of the tAB in MT, and 33% in cMF, respectively. Because a recent
study demonstrated an increased capability of detecting differ-
ences in rates of progression between different subcohorts when
using an ordered values (ranking) system derived from the above
subregional measurements, we also computed the mean subre-
gional changes across the 79 knees with complete data for MT and
cMF for rank 1 (subregions with the greatest reduction in ThCtAB
[in mm], rank 2 (subregions with the second greatest reduction),
rank 3, etc., up to rank 8 (subregions with the smallest reduction (or
greatest increase) in ThCtAB25.
To obtain a single integral measure for the weight-bearing part
of the femorotibial joint (medial femorotibial compartment
(MFTC)), ThCtAB of MT and cMF was added at BL and follow up.
Similarly, the central subregions of MT and cMF (cMT and ccMF)
were combined to derive thickness values for the central medial
femorotibial compartment (cMFTC).
As a measure of progression, the mean change (MC in mm) in
ThCtAB was determined between BL and follow up. The percent
mean change (MC%) was calculated by relating the MC across all
participants to the mean ThCtAB at BL. To estimate the sensitivity to
change, the standardized response mean (SRM¼MC/SD of change
in mm) was computed.
Statistical analysis
All statistical analyses were performed using SPSS 15 software
(SPSS Inc., Chicago, IL, USA). A paired t-test was applied to evaluate
whether changes in cartilage thickness between BL and 12 months
were statistically signiﬁcant. To determine the correlation of the BL
measurements (ThCtAB) between the three protocols, the Pearson
correlation coefﬁcient was used and differences between the
protocols were assessed using Bland and Altman plots. The corre-
lation of the longitudinal changes between the protocols (delta
ThCtAB) was calculated using both the Pearson correlation coefﬁ-
cient and the Spearman rank correlation coefﬁcient (applicable for
non-normally distributed data). The number of ‘‘progressors’’, i.e.,
the number of participants in which the rate of change in MFTC
over 1 year was higher than the smallest detectable difference
(SDD), was determined for each imaging protocol. The SDD was
taken to be 2.8 the intra-reader precision error determined for
paired readings of test–retest data published in a previous study15.
Results
BL values
The cartilage thickness values were similar for the three
protocols for the compartment, plates and subregions (Tables I–III,
Fig. 1). The differences (errors) between the protocols did not show
a relationship with the magnitude of the BL cartilage thickness
(Fig. 1). Central subregions displayed a greater ThCtAB than the
peripheral ones. The correlation (Pearson) for ThCtAB at BL
between the protocols was0.94 for MFTC and cMFTC,0.93 inMT
and cMT, and 0.90 in cMF and ccMF. The lowest correlation was
Table III
Direct comparison of the OAI imaging protocols in the MF (n¼ 79 cases): mean
cartilage thickness (ThCtAB in mm) at BL for corFLASH, corMPR DESS and sagDESS.
Results are given for 60% and 75% ROI of the femoral condyle, and for all, even or odd
slice numbers of the SAG DESS, respectively. The MC between BL and year 1 is given
in mmand %, respectively, and the SRM and P value for a paired t-test between BL and
year 1 follow up are reported
Mean BL MC [mm] MC [%] SRM P value
cMF
corFLASH 1.72 47 2.7 0.29 0.011
corMPR DESS 1.74 60 3.5 0.29 0.013
sagDESS (60%) 1.74 64 3.7 0.30 0.010
sagDESS (60%; odd) 1.78 70 3.9 0.30 0.009
sagDESS (60%; even) 1.78 66 3.7 0.29 0.011
sagDESS (75%) 1.76 64 3.6 0.32 0.006
sagDESS (75%; odd) 1.80 66 3.7 0.31 0.008
sagDESS (75%; even) 1.80 66 3.6 0.31 0.008
Central cMF
corFLASH 2.01 80 4.0 0.33 0.004
corMPR DESS 2.04 102 5.0 0.35 0.003
sagDESS (60%) 1.90 103 5.4 0.31 0.007
sagDESS (60%; odd) 1.93 103 5.3 0.30 0.008
sagDESS (60%; even) 1.94 113 5.8 0.32 0.005
sagDESS (75%) 1.89 103 5.5 0.34 0.004
sagDESS (75%; odd) 1.92 99 5.2 0.32 0.006
sagDESS (75%; even) 1.93 112 5.8 0.35 0.003
External cMF
corFLASH 1.34 36 2.7 0.24 0.039
corMPR DESS 1.36 50 3.7 0.30 0.010
sagDESS (60%) 1.31 53 4.0 0.32 0.006
sagDESS (60%; odd) 1.39 68 4.9 0.35 0.003
sagDESS (60%; even) 1.37 45 3.3 0.25 0.030
sagDESS (75%) 1.34 47 3.5 0.31 0.007
sagDESS (75%; odd) 1.43 56 4.0 0.32 0.005
sagDESS (75%; even) 1.42 43 3.0 0.25 0.027
Internal cMF
corFLASH 1.83 28 1.5 0.21 0.063
corMPR DESS 1.85 34 1.8 0.15 0.187
sagDESS (60%) 1.99 40 2.0 0.17 0.132
sagDESS (60%; odd) 1.97 42 2.1 0.17 0.140
sagDESS (60%; even) 2.00 42 2.1 0.17 0.129
sagDESS (75%) 2.01 43 2.1 0.18 0.108
sagDESS (75%; odd) 1.99 42 2.1 0.17 0.135
sagDESS (75%; even) 2.02 45 2.2 0.18 0.110
Fig. 1. Bland–Altman plots showing the differences (errors in mm) between the BL
cartilage thickness values of the different imaging protocols in the MFTC in relation to
the mean value of the BL cartilage thickness in the MFTC. The plot shows the relation
between A) the corFLASH and the corMPR DESS, B) the corFLASH and the sagDESS
(selecting a 60% ROI of the femoral condyle), and C) for the corMPR DESS and the
sagDESS. The mean difference is indicated by the continuous line, the limits of
agreement (1.96 times the SD of the difference) are indicated by dotted lines.
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and in the internal cMF (corMPR DESS vs sagDESS; r¼ 0.82). The
lowest correlation between corFLASH and sagDESS was observed in
the internal MT (r¼ 0.83).
The size of the subchondral bone area for the femoral ROI was
the same for corFLASH (5.91.1 cm2) and corMPR DESS
(5.91.2 cm2), and was similar for the 60% ROI of the sagDESS
(6.31.3 cm2). The 75% ROI of the sagDESS was about 30% larger
(8.21.6 cm2).Whereas the 60% ROI covered 361.8% of the entire
femoral condyle (32–41%), the 75% ROI covered 47 2.0% (43–52%).
Rate of and sensitivity to change
The rate of change in the entire MFTC was 63 mm (1.9%) for
corFLASH, 86 mm (2.5%) for corMPR DESS, and 97 mm (2.9%)
for sagDESS (Table I). The sensitivity to change (SRM) varied
between 0.28 (corFLASH) and 0.35 (sagDESS). In cMFTC, the
SRM was somewhat greater and more consistent between the
protocols (0.34 to 0.37; Table I).
In MT, corFLASH showed lower rates of progression and sensi-
tivity to change than corMPR DESS and sagDESS, except for the
external subregion,where the rate of change andSRMswere greatest
in comparison with the other subregions (Table II). Here, rates of
change and SRMs were similar between corFLASH (4.1%, 0.33),corMPRDESS (3.4%,0.28) andsagDESS (4.7%,0.39). In cMF, the
rates of change (but not the SRMs)were>twofold greater than inMT
(Tables II and III). The ratesof change andSRMs in cMF (Table III)were
similar between corFLASH, corMPR DESS and sagDESS (0.29 to
0.30) (Table III). The number of participants inwhich the observed
rate of change in ThCtAB of MFTC exceeded the SDD (2.8 the
precision error)was 12/79 (15%) for the corFLASH,10/79 (13%) for the
corMPR DESS, 21/79 (27%) for the sagDESS.
Table IV
Direct comparison of the OAI imaging protocols using ordered values of subregional
cartilage change (n¼ 79 cases): MC in cartilage thickness (ThCtAB) between BL and
year 1 (MC) in mm and %, SRM over 1 year. Results are given for corFLASH, CorMPR
DESS and sagDESS, selecting a 60% and 75% ROI of the femoral condyle. Rank 1
represents the subregions of greatest thickness reduction, independent of its
anatomical location, rank 2 the subregion of the second greatest reduction, etc., and
rank 8 the subregion with the smallest reduction or largest thickness increase over
the 1 year observation period
MC MC% SRM
Rank 1 corFLASH 155 8.5 0.71
corMPR DESS 187 10.0 0.67
sagDESS (60%) 224 12.6 0.77
sagDESS (75%) 217 12.3 0.81
Rank 2 corFLASH 103 6.9 0.58
corMPR DESS 126 7.7 0.54
sagDESS (60%) 133 8.1 0.63
sagDESS (75%) 136 8.3 0.63
Rank 3 corFLASH 56 3.3 0.48
corMPR DESS 74 4.6 0.58
sagDESS (60%) 86 5.7 0.61
sagDESS (75%) 86 5.3 0.63
Rank 4 corFLASH 34 2.3 0.30
corMPR DESS 47 3.2 0.41
sagDESS (60%) 57 3.1 0.42
sagDESS (75%) 55 3.2 0.42
Rank 5 corFLASH 13 0.6 0.12
corMPR DESS 16 0.9 0.20
sagDESS (60%) 26 1.6 0.22
sagDESS (75%) 21 1.2 0.21
Rank 6 corFLASH 13 0.7 0.14
corMPR DESS 10 0.7 0.14
sagDESS (60%) 4 0.1 0.04
sagDESS (75%) 4 0.0 0.04
Rank 7 corFLASH 41 2.6 0.74
corMPR DESS 38 2.3 0.56
sagDESS (60%) 53 3.1 0.75
sagDESS (75%) 50 3.1 0.77
Rank 8 corFLASH 79 4.6 1.25
corMPR DESS 81 4.4 1.06
sagDESS (60%) 103 5.8 1.09
sagDESS (75%) 99 5.4 1.11
Fig. 2. Correlation between the longitudinal changes of cartilage thickness in the
MFTC. The correlation of the change in cartilage thickness (ThCtAB in mm) between BL
and year 1 follow up is shown for A) the corFLASH and the corMPR DESS, B) the
corFLASH and the sagDESS (60% ROI of the femoral condyle), and C) for the corMPR
DESS and the sagDESS. The continuous lines show the SDD for each imaging protocol
based on previously published test–retest precision errors for paired readings.
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femorotibial cartilage changes, ﬁve of the eight ranks showed
negative values (i.e., cartilage thinning) in all MR protocols. The rate
of change tended to be greater for the sagDESS and the corDESS
than for the corFLASH (Table IV). In the ﬁrst rank (regions with the
greatest thinning), the rate of change varied between 155 mm
(8.5%) for the corFLASH and 224 mm (12.6%) for the sagDESS
(60% ROI, Table IV). Because not only the rate of change but also the
variability of the change was higher for the sagDESS and corMPR
DESS, the SRM, however, differed only slightly between the three
protocols (Table IV).
Longitudinal correlations
Whereas many participants displayed little change between BL
and 12 months, some participants displayed relatively large
reductions in ThCtAB (Fig. 2). In seven knees, the change in ThCtAB
of MFTC exceeded the SDD in all three imaging protocols. In three
knees this was the case for two of the three protocols (one for each
of three possible combinations), and in 16 knees this was the case
for only one protocol (3 corFLASH, 1 corMPR DESS, and
12 sagDESS). The correlations between the longitudinal changes
were moderate between the protocols, with coefﬁcients ranging
from 0.55 to 0.90 (Pearson) and from 0.28 to 0.60 (Spearman rho) inthe compartment and plates (Table V). In the subregions, the
Pearson correlation coefﬁcients ranged from 0.02 (corFLASH vs
corMPR DESS, posterior subregion of MT) to 0.89 (corFLASH vs
corMPR DESS; external subregion of MT). The Spearman rho
correlation coefﬁcients ranged from 0.02 (corFLASH vs corMPR
DESS; posterior subregion of MT) to 0.55 (corMPR DESS vs sagDESS;
central subregion of cMF). The ordered values of subregional
thickness changes showed high Pearson correlation coefﬁcients (up
to r¼ 0.90) and moderate Spearman correlation coefﬁcients (up to
Table V
Correlation between the longitudinal changes of the OAI imaging protocols. Both the
Pearson correlation coefﬁcient and Spearman’s rank correlation coefﬁcient are given








Pearson Spearman Pearson Spearman Pearson Spearman
MFTC 0.88 0.47 0.85 0.37 0.90 0.60
cMFTC 0.87 0.61 0.79 0.45 0.84 0.64
MT 0.55 0.28 0.68 0.40 0.65 0.49
cMT 0.51 0.40 0.63 0.38 0.68 0.45
eMT 0.89 0.42 0.78 0.32 0.73 0.43
iMT 0.07 0.08 0.17 0.16 0.16 0.02
aMT 0.47 0.18 0.64 0.26 0.57 0.31
pMT 0.02 0.02 0.21 0.19 0.50 0.43
cMF 0.88 0.39 0.85 0.37 0.89 0.59
ccMF 0.88 0.46 0.76 0.42 0.78 0.55
ecMF 0.83 0.31 0.70 0.35 0.84 0.64
icMF 0.73 0.10 0.72 0.18 0.82 0.30
Rank 1 0.90 0.48 0.78 0.46 0.84 0.55
Rank 2 0.93 0.54 0.83 0.51 0.90 0.52
Rank 3 0.89 0.50 0.87 0.48 0.89 0.56
Rank 4 0.88 0.41 0.87 0.42 0.90 0.56
Rank 5 0.74 0.38 0.82 0.32 0.81 0.50
Rank 6 0.62 0.34 0.75 0.31 0.69 0.47
Rank 7 0.36 0.31 0.22 0.18 0.45 0.42
Rank 8 0.18 0.01 0.24 0.13 0.23 0.27
MFTC¼medial femorotibial compartment, MT¼medial tibia, cMF¼weight-
bearing MF; c¼ central, e¼ external, i¼ internal, a¼ anterior, p¼ posterior
subregion. Rank 1¼ subregion with greatest reduction in cartilage thickness
between BL and follow up, rank 8 subregion with smallest reduction or greatest
increase in cartilage thickness between BL and follow up.
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i.e., the regions with the greatest changes (Table V).
Impact of analyzing a larger femoral ROI or every second slice
in the sagDESS
Extension of the femoral ROI from 60% to 75% only marginally
affected the rate of change observed in cMF (Table III), and there
only was a slight increase in the SRM for 75% (0.32) vs 60%
(0.30). Analysis of every second slice of the sagDESS had only
a marginal impact on the rates of change and sensitivity to change
(SRM 0.35 for all, 0.34 for odd and 0.34 for even slices for
MFTC, one participant less exceeding SDD for odd slices). This also
applied to the tibia and femur, to the 60% and 75% cMF ROI, and to
the subregions (Tables I–III).
Discussion
In this studywe have compared the longitudinal performance of
MR sequences of the OAI imaging protocol2 in identical knees,
speciﬁcally a near isotropic 0.7 mm sagDESS8,12–14 with a previ-
ously validated 1.5 mm corFLASH3–9. Also, this is the ﬁrst study to
explore the impact of analyzing every second slice of the 0.7 mm
sagDESS compared with the analysis of every slice, and the sensi-
tivity to change for a 60% and a 75% ROI in the weight-bearingMF. A
high agreement was found for (cross sectional) BL cartilage thick-
ness measurements between corFLASH, sagDESS and the corMPR
DESS. Longitudinally, the rate of and the sensitivity to change were
similar for the three protocols for the (central) MFTC and for the
weight-bearing femur. In the tibia, the rate of and the sensitivity to
change in cartilage thickness were less for the corFLASH than for
the sagDESS or corMPR DESS, except for the external subregion,
where the greatest changes were observed throughout MT.Correlations of the BL values were high and those of the longitu-
dinal changes were moderate between the protocols. The rate of
and the sensitivity to change were not affected by the dimension of
the femoral ROI (60% or 75%), or by using only every second slice of
the 0.7 mm sagDESS.
The intra-reader test–retest precision errors for the three
protocols used here have been thoroughly examined in the OAI
pilot studies8,14,15 and were reported to range from 1.3% to 1.9% of
the BL cartilage thickness in MFTC for paired analysis. A recent
study by Bae et al. (using a semi-automated approach) reported
inter-reader precision errors in the same range as intra-reader
errors for cartilage volume with the sagDESS26.
Limitations of the study include that no formal assessment of
the inter-reader precision errors was performed, as these may
differ between the three protocols. Although the data set pairs (BL
and follow up) for each of the three protocols were not processed at
the same point in time and not necessarily by the same person, the
BL and follow-up images of each protocol were always analyzed by
the same reader, and quality control readings were performed for
all segmented slices of all data sets by a single expert, to ensure
consistency between the readers. Further limitations of the study
include the limited number of analyzed knees, and the small
number of participants showing change in cartilage thickness over
1 year (i.e., larger than the SDD). This is the ﬁrst study, however, to
provide a thorough validation of the DESS for the longitudinal
measurement of cartilage loss in comparison with the previously
validated coronal FLASH protocol3–9. Because few subjects dis-
played cartilage loss (i.e., larger than the SDD) over 1 year, the
Pearson correlation coefﬁcients of longitudinal changes between
the protocols were greater than the Spearman coefﬁcients, the
reason being that the Spearman coefﬁcients are determined to
a lesser degree than the Pearson coefﬁcient by those cases with the
greatest reductions in cartilage thickness. Also, another limitation is
that the current analysis was conﬁned to the MFTC, because the
participants had medial disease and therefore this compartment
was of primary interest18. The results cannot therefore be extrap-
olated to the lateral compartment.
The high agreement seen for the BL values conﬁrms earlier
cross-sectional ﬁndings8 and suggests that quantitative data from
FLASH and DESS from different subcohorts of the OAI can be
analyzed together (pooled) for the purpose of cross-sectional
analyses. The longitudinal performance of the protocols is in
agreement with the observation of nine participants over 2 years in
the OAI pilot study15, in which the rate of change in cartilage
thickness was also somewhat higher for the sagDESS than for the
corFLASH or for the corMPR DESS. The results are also in principle
agreement with two recent studies in the ﬁrst release of the OAI16,17
that showed similar spatial distribution patterns of thickness
changes between femorotibial cartilage plates for corFLASH16 and
sagDESS17.
The current study shows a similar performance (sensitivity to
change) of FLASH and DESS in joint regions where high rates of
change occur [cMF and subregions, cMFTC, external MT, and lowest
ranks (¼ordered values with greatest changes)], whereas a higher
sensitivity to change for the sagDESS was observed in regions
where the changes were small. However, these ﬁndings should be
conﬁrmed in other (and possibly larger) cohorts, before they are
generalized. The comparison of ordered values (ranks) is particu-
larly useful in revealing these relationships, because the subregions
with the greatest (or lowest) longitudinal changes are averaged
across individuals independent of their anatomical locations. This is
done in order to account for the fact that cartilage loss is spatially
heterogeneous, depending on individual risk factors and patho-
physiology, and that therefore the subregions with the greatest
cartilage loss vary substantially between participants.
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protocols were only moderate, but were generally higher in carti-
lage plates, subregions or ranks showing relatively high changes.
This is because the relationship between the magnitude of the
actual changes and the precision errors is likely more favorable for
regions or ranks with relatively large changes, whereas in subre-
gions and ranks with only small change the correlations are more
strongly affected by the precision errors. Additionally, the lower
correlations in some of the peripheral subregions may result from
partial volume effects that are higher in the anterior and posterior
tibia with coronal, and higher in the internal tibia with sagittal
protocols. Still, the current data indicate that for total and central
regions of the MFTC and for ordered values with the relatively
greatest reduction in cartilage thickness, longitudinal analyses
from different OAI subcohorts (analyzed with different OAI proto-
cols) may be combined (pooled), in order to gain increased
statistical power for the identiﬁcation of risk factors of OA
progression.
Other isotropic or near-isotropic options for cartilage imaging
where ﬂuid is delineated as hyperintense have been proposed, i.e.,
balanced steady-state free precession (bSSFP)27, vastly under-
sampled isotropic projection steady-state free precession (VIPR)28,
and 3D isotropic resolution fast spin-echo MR imaging (3D-FSE)29.
Given the encouraging results with DESS, these may provide
possible future choices for quantitative cartilage analysis, once they
are validated for this purpose.
BL and 1 year follow-up JSN readings (OARSI atlas) for 59 of the
80 knees studied here have recently been made publicly available.
Two knees (3.4%) showed an increase by two medial JSN grades,
and both were identiﬁed as ‘‘progressors’’ (change in MFTC larger
than SDD) by all three MRI protocols used. Seven knees (11.9%)
displayed an increase by one medial JSN grade: three of those were
identiﬁed as progressors by all three protocols, one by corFLASH
only, and three by none of the protocols. Fifty (84.7%) knees
maintained the same medial JSN grade: of those six were identiﬁed
as ‘‘progressors’’ by corFLASH, ﬁve by corMPR DESS, and 16 by
sagDESS. These ﬁndings suggest a somewhat higher agreement
between corFLASH ‘‘progression’’ with increases in radiographic
JSN than for sagDESS.
Although the larger femoral ROI (75%) of the sagDESS covered
a greater (47%) part of the femoral condyle, the rate and sensitivity
to change were similar to the 60% ROI, corresponding with the
region measured in coronal views8. The current study also showed
that analysis of every second slice in the sagDESS was sufﬁcient to
adequately characterize longitudinal changes, and the rates and
sensitivity to change were not lower than for analyses covering
every slice. This permits to cut segmentation time and cost
substantially, as long as fully automated segmentation algorithms
are not available and validated.
In conclusion, the results of this study suggest that cartilage
morphometry with FLASH and DESS displays similar longitudinal
sensitivity to change in cartilage thickness in anatomical subre-
gions of the femorotibial joint that display the greatest change over
time, or in ordered values (ranks) which average the greatest
magnitude of subregional change across subjects, independent of
the anatomical location. The high correlations for the BL
measurements show that data from the different OAI subcohort
analyzed with different protocols can be combined (pooled) for
cross-sectional analyses. The correlations for longitudinal thickness
changes were moderate to high, indicating that pooling data from
different subcohorts analyzedwith different OAI protocols may also
be feasible for longitudinal studies. Segmentation of every second
slice of the 0.7 mm sagDESS is adequately to characterize cartilage
loss longitudinally, allowing for considerable savings in segmen-
tation time and cost.Conﬂicts of interest
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